Zinc oxide (ZnO) bulk crystals were implanted by 100 keV H + 2 ions with various fluences in the range of 5 × 10 16 to 3 × 10 17 cm −2 and subsequently annealed at temperatures up to 800
Introduction
ZnO is a wide bandgap semiconductor and is currently under intensive investigation because of its potential future applications in ultra-violet (UV) optoelectronic devices, transparent high power and high frequency electronic devices, surface acoustic devices and chemical gas sensors [1] [2] [3] . In addition, ZnO has the same wurtzite crystal structure as GaN and quite close lattice parameters. Hence, ZnO can potentially be utilized for the growth of GaN high quality epitaxial layers [4, 5] . ZnO films are mostly grown epitaxially on lattice and thermally mismatched substrates such as sapphire, Si and SiC due to the fact that ZnO bulk substrates are very expensive and are mostly available in small sizes [6, 7] . The heteroepitaxial growth of ZnO on foreign substrates leads to the formation of growth-related defects such as dislocations, stacking faults and twins that occur to relax the strain [8] [9] [10] . These defects in ZnO epilayers grown on hetero-substrates have deleterious effects on the performance and reliability of the devices fabricated utilizing these layers. One of the promising methods to fabricate inexpensive and high structural quality substrates, comparable to bulk ZnO crystals, for the epitaxial growth of ZnO device layers would be direct wafer bonding and layer transfer of thin ZnO films onto inexpensive substrates via high fluence hydrogen implantation and layer splitting upon annealing [11] [12] [13] . Utilizing this method, a single ZnO bulk substrate can be used to transfer multiple, thin slices of ZnO on different substrates (named handle wafers) of choice. This process is based on the agglomeration of hydrogen implantation-induced platelets upon annealing and the subsequent formation of overpressurized microcracks. For the case of the implanted wafer bonded to a handle wafer, splitting of a thin slice of material parallel to the bonding interface occurs [11, 12] . The layer splitting is a strongly material-dependent process. Therefore, for this process to occur a narrow parameter window of implantation fluence, annealing temperature and time have to be determined. The physical mechanisms leading to the process of layer splitting can be conveniently investigated by studying the formation of surface blisters/exfoliation in hydrogen implanted and annealed but unbonded wafers [14] . In the present investigation, we have studied the exfoliation phenomenon in high fluence hydrogen-implanted ZnO bulk crystals.
Narrow fluence window of hydrogen-implantation-induced exfoliation in ZnO 
Experimental details
ZnO (0 0 0 1) bulk crystals, having a size of 1 × 1 cm 2 , obtained from Cradley Crystals were used in the present work. The samples were implanted at room temperature from the Zn-face side of the crystals by 100 keV H + 2 ions with various fluences in the range of 5 × 10 16 to 3 × 10 17 cm −2 . During implantation, the surface normal to the sample was titled at an angle of 7
• with respect to the ion beam direction in order to avoid channelling effects. The ion beam current per unit area used for the implantation was 5 µA cm −2 . The hydrogen implantation of the samples was carried out at Ion Beam Services (IBS), France. After implantation the samples were annealed at temperatures up to 800
• C, and subsequently their surfaces were observed under a Nomarski optical microscope. The hydrogen-implantation-induced damage was characterized by cross-section transmission electron microscopy (XTEM) using a Philips CM20T machine operating at a voltage of 200 kV. The RMS roughness of the exfoliated surfaces was measured by atomic force microscopy (AFM) using a Digital Instruments Dimension 3000 microscope.
Results and discussion
The ZnO bulk crystals implanted by H figure 1(a) . Apart from a few intact regions, the whole surface is exfoliated and the thickness of this exfoliated ZnO layer is ∼450 nm. The thickness of the exfoliated ZnO layers matches well with the projected range of 100 keV H + 2 ions in ZnO, which has a value of ∼400 nm, as calculated by using Monte Carlo simulation program SRIM2003 [15] . For layer transfer applications using hydrogen-implantation-induced layer splitting and direct wafer bonding, it is required that the blistering or exfoliation of the implanted ZnO crystals occurs only after post-implantation annealing [12, 13] . In order to obtain this behaviour, three ZnO showed large area surface exfoliation only after postimplantation annealing as is shown in figure 1(b) . Hence, the necessary fluence window for achieving exfoliation of ZnO only after post-implantation annealing lies in the unusually narrow range of 2.2−2.8 × 10 17 H + 2 /cm 2 . The surface of ZnO crystals after large area exfoliation was found to be quite rough. AFM images of the surface of the ZnO sample after layer exfoliation demonstrated a surface root-mean-square (RMS) roughness of about 18 nm on a 10 × 10 µm 2 scan area. The peak-to-valley difference was about 200 nm. This high RMS roughness of the exfoliated surface can be reduced to a value below 1 nm using a chemo-mechanical polishing process [6] . A cross-sectional TEM image of the sample that was implanted with a fluence of 2.5 × 10 17 H + 2 /cm 2 is shown in figure 2 . A damaged defect band, which starts at a depth of about 200 nm from the surface and ends at a depth of about 600 nm, can be observed. In contrast, the top 200 nm region of the implanted ZnO is relatively much less damaged. Moreover, the whole implanted layer is decorated with a large number of nanovoids that are most probably filled with molecular hydrogen. The size of these nanovoids is found to be in the range of 3-10 nm. A higher magnification cross-sectional TEM image of the hydrogen-implanted ZnO clearly illustrating the nanovoids inside the semiconductor is shown in figure 3 . The density of these nanovoids increases with depth down to about 500 nm from the surface. Below this depth, the density decreases rapidly and becomes almost negligible at a depth of about 550 nm. Moreover, microcracks exist at a depth of about 430−500 nm from the surface. The nanovoids formed in the ZnO lattice after hydrogen implantation most likely serve as precursors for the formation of large area microcracks. In comparison to other semiconductors such as Si, Ge, SiC and GaN, the minimum hydrogen fluence required for the surface exfoliation or blistering in ZnO is about 2−10 times higher [14, [16] [17] [18] . According to earlier reports, the minimum hydrogen fluence for observing surface blistering/exfoliation after post-implantation annealing in Si, Ge [18] [19] [20] [21] . Hence, it is clear that ZnO is much more resilient to hydrogen-implantation-induced exfoliation than the other semiconductors. It is probably due to the fact that ZnO exhibits a very efficient dynamic annealing of implantation-induced defects [22, 23] . Hence, a much higher hydrogen fluence is needed to induce the optimum amount of damage in the ZnO lattice for the formation of extended defects such as nanovoids and microcracks. Similar to the case of ZnO, GaN also exhibits an efficient dynamic annealing of the implantation-induced defects and hence the minimum hydrogen fluence required for surface blistering is quite high (∼1.3×10 17 H + 2 /cm 2 ) in that case also [18] [19] [20] [21] . The radiation hardness of ZnO is even higher than that of GaN [21, 23] . Hence, the minimum hydrogen fluence for surface exfoliation is also about two times higher for ZnO than for GaN.
Conclusions
High fluence hydrogen-implantation-induced exfoliation of the surfaces of ZnO bulk crystals has been studied. A narrow fluence window of 2.2−2. , the ZnO crystals exhibited blistered/exfoliated surfaces in the asimplanted state. XTEM investigations showed the formation of a large number of nanovoids in the damaged zone of ZnO that served as precursors for the formation of microcracks, ultimately leading to the blistering/exfoliation of the surfaces. In contrast to other semiconductors such as Si, Ge or SiC, a very high hydrogen fluence restricted to a quite narrow fluence window will be required for ZnO layer transfer. It still has to be demonstrated experimentally that high quality ZnO layers can actually be transferred to appropriate substrates such as sapphire.
